In Brief
A new report explores how two major phytohormones, cytokinin and auxin, contribute to the control of tree trunk growth. Immanen et al. show that by boosting cytokinin biosynthesis, they can both increase auxin level and stimulate lignocellulosic biomass production. Both hormones represent optimal targets for tree breeding and forest biotechnology.
SUMMARY
Despite the crucial roles of phytohormones in plant development, comparison of the exact distribution profiles of different hormones within plant meristems has thus far remained scarce. Vascular cambium, a wide lateral meristem with an extensive developmental zonation, provides an optimal system for hormonal and genetic profiling. By taking advantage of this spatial resolution, we show here that two major phytohormones, cytokinin and auxin, display different yet partially overlapping distribution profiles across the cambium. In contrast to auxin, which has its highest concentration in the actively dividing cambial cells, cytokinins peak in the developing phloem tissue of a Populus trichocarpa stem. Gene expression patterns of cytokinin biosynthetic and signaling genes coincided with this hormonal gradient. To explore the functional significance of cytokinin signaling for cambial development, we engineered transgenic Populus tremula 3 tremuloides trees with an elevated cytokinin biosynthesis level. Confirming that cytokinins function as major regulators of cambial activity, these trees displayed stimulated cambial cell division activity resulting in dramatically increased (up to 80% in dry weight) production of the lignocellulosic trunk biomass. To connect the increased growth to hormonal status, we analyzed the hormone distribution and genomewide gene expression profiles in unprecedentedly high resolution across the cambial zone. Interestingly, in addition to showing an elevated cambial cytokinin content and signaling level, the cambial auxin concentration and auxin-responsive gene expression were also increased in the transgenic trees. Our results indicate that cytokinin signaling specifies meristematic activity through a graded distribution that influences the amplitude of the cambial auxin gradient.
RESULTS AND DISCUSSION

Cytokinin and Auxin Display Distinct Distribution Profiles across the Vascular Cambium
The bulk of global lignocellulosic biomass is present in the form of wood, the secondary xylem of a plant stem. Secondary vascular tissues are produced through the activity of the vascular cambium, the cylindrical secondary meristem of a tree trunk. Detailed knowledge about the regulatory mechanisms controlling cambial development provides us powerful tools to boost the lignocellulosic biomass production in forest trees [1, 2] : the better we understand the molecular mechanisms controlling wood formation, the easier it is to implement this knowledge into forest biotechnology and tree breeding.
Cytokinins and auxin are two major plant hormone classes well known to regulate a multitude of plant developmental processes. Differential cytokinin and auxin response domains have been shown to contribute to the patterning of both shoot [3] [4] [5] and root apical meristems [6] [7] [8] [9] . Whereas the distribution of auxin in various meristems is well established [10] [11] [12] , the occurrence of cytokinin has been less studied. To address this question, we have now taken advantage of the high spatial resolution provided by the extensive developmental zonation of the vascular cambium. We report here direct measurements of distribution and signaling profiles of cytokinin and auxin hormones across the cambial zone of both Populus trichocarpa (Figures 1 and S1 ) and Populus tremula 3 tremuloides stems (see below).
In P. trichocarpa, hormonal concentrations were studied in six stem cryofractions encompassing the developmental zonation of the cambial zone: old phloem, conducting phloem, developing phloem, cambium, developing xylem, and xylem tissues. We observed that concentration of the major bioactive auxin (IAA) peaked in the middle of the cambial zone, in the domain of dividing cambial cells. This result confirms the pattern of cambial auxin gradient and response domain previously reported in tree species [13] [14] [15] [16] . The importance of auxin for cambial development has been verified through functional studies: fewer cell divisions took place in the vascular cambium of transgenic Populus trees with reduced auxin responsiveness, resulting in compromised radial stem growth [17] . In contrast to auxin, the two major bioactive cytokinin species, isopentenyladenine (iP) and trans-zeatin (tZ), have their maximum levels coinciding with each other in the developing phloem cells ( Figure 1B) . Also iP riboside (iPR), a precursor of bioactive iP, has a similar distribution profile. A third plant hormone, bioactive gibberellin (GA4), peaked in the developing xylem tissue. A similar gibberellin distribution profile has been previously reported by Israelsson et al. [18] ; in their study, bioactive GA4 and GA1 had their highest levels in the expanding xylem cells. The observed distribution coincides with activity of gibberellin signaling in the regulation of xylem development: the rate of secondary xylem production has been shown to be increased in transgenic plants with either enhanced gibberellin signaling [19] or biosynthesis levels [1, [20] [21] [22] . Taken together, our results show that the two major phytohormones, cytokinin and auxin, form distinct, yet partially overlapping, distribution domains across the vascular cambium.
To verify the observed cytokinin domain, we studied the expression of cytokinin signaling and homeostasis genes [23, 24] across the cambial zone of P. trichocarpa stem through real-time qPCR analyses ( Figure S1 ). Expression of the signaling and biosynthesis genes coincided with the phloem peaking hormonal distribution; the gene expression profiles were further defined through high-resolution RNA-sequencing analyses in P. tremula 3 tremuloides trees (see below).
Increased Cytokinin Biosynthesis Stimulates the Cambial Cell Division Rate and Increases the Production of Trunk Biomass in Transgenic Populus Trees Previous work has highlighted the potential of cytokinin signaling as a major positive regulator of cambial activity in a tree trunk: we have shown that a reduced cytokinin concentration leads to compromised radial growth in transgenic Populus trees [25] . Similarly, cambial activity was abolished in the root of quadruple Arabidopsis ipt1,3,5,7 mutant, which lacks the four major cytokinin biosynthesis enzymes [26] .
Based on our cytokinin profiling data and previous results, we next studied the effect of elevated cambial cytokinin signaling on tree trunk growth. With the aim to stimulate cytokinin biosynthesis in transgenic P. tremula 3 tremuloides trees, we overexpressed the AtIPT7 gene from Arabidopsis. This gene encodes one of the key enzymes in the biosynthesis of major bioactive cytokinins [27] [28] [29] . The AtIPT7 transgene was cloned under the PttLMX5 promoter [30] , which drives a high expression in the cambial zone and developing xylem cells. We were able to obtain twelve transgenic lines, from which two, pLMX5:AtIPT7 1 and 3, both with a high transgene expression level and highly similar phenotypes (Figure 2 ), were selected for further analyses.
To evaluate the effect of AtIPT7 activity on tree development, we followed growth of the transgenic trees under greenhouse conditions ( Figure 2 ). The apical growth rate of pLMX5:AtIPT7 lines was similar to wild-type (WT) plants; transgenic plants had the same height as the controls (Figure 2A ). After 10 weeks of growth the average height of four individual trees from WT, and lines 1 and 3, was 152 ± 4 cm SE, 150 ± 2 and 148 ± 3 cm, respectively. In contrast, stem diameter was increased in the transgenic trees as compared to the WT trees ( Figure S2A) ; the stimulatory effect of cytokinin on the radial growth was therefore independent of the apical growth rate. Accordingly, the stem volume, which was counted as the additive volume of internodes, was larger in the pLMX5:AtIPT7 trees ( Figure 2B ). The stem biomass (trunk after the branches were removed) was measured at the age of 13 weeks: the average dry weight of three individual trees from WT, and lines 1 and 3, was 18.5 ± 0.3 g SE, 33.0 ± 0.7 and 34.4 ± 0.8 g, respectively (p values from Student's t test: line 1 versus WT 6.56E-04***, 3 versus WT 9.19E-04***). The increase in biomass was up to 80% in dry weight.
To explore in detail the effect of enhanced cytokinin signaling on vascular architecture, we analyzed the anatomy of the transgenic trees. No differences were observed in the dimensions of xylem cells between the WT and pLMX5:AtIPT7 trees. In contrast, a difference was observed in the cambial anatomy. The vascular cambium of the pLMX5:AtIPT7 line 1 and line 3 trees contained more meristematic cells in the cambial cell files than the WT trees: respectively in average 23 ± 0.4 (SE), 24 ± 1.2 and 15 ± 0.8 ( Figures 3A and S2B ). The increased cell number indicates that the cambial cell files were undergoing additional cell divisions as compared to the WT. Our results confirm that cytokinins act as major positive regulators of cambial activity in trees.
Genetic Engineering of Enhanced Cytokinin Biosynthesis Leads to an Increase in Cambial Cytokinin and Auxin Concentrations
Next, the hormonal responsiveness of the two pLMX5:AtIPT7 lines was tested in an in vitro assay ( Figure 2C ), where a lower cytokinin to auxin ratio in the growth medium induces root regeneration and a higher cytokinin to auxin ratio promotes shoot regeneration [31] . We observed enhanced cytokinin responsiveness in the transgenic trees: several internodes produced shoots, and unexpectedly also roots, already on the medium with no added cytokinin, whereas no WT internodes produced either. As high auxin concentration promotes root formation, these results indicate that the transgenic lines may have had higher concentrations of both cytokinin and auxin than the WT trees.
To validate our transgenic approach to stimulate cytokinin biosynthesis, we compared the hormonal profiles across the cambial zone of WT and pLMX5:AtIPT7 trees ( Figure 3B ). The hormonal distribution in WT P. tremula 3 tremuloides was similar in P. trichocarpa: cytokinins were highest in the developing phloem tissue, and auxin was peaking in the middle of the cambium. When the transgenic trees were compared to the WT, several differences in hormonal levels were observed: concentrations of bioactive iP and tZ were elevated and dramatic increases were seen in the concentrations of iP precursor iPR and IAA contents ( Figure 3B ). These results confirm an increase in cambial cytokinin content in the pLMX5:AtIPT7 trees; they further show that this increase also leads to an elevation in the auxin concentration. In Arabidopsis, homeostasis of these two hormones is known to be connected: cytokinin has been shown to contribute to the regulation of both auxin homeostasis [32] and transport [11, 33] .
Genome-wide Gene Expression Profiling across the Cambial Zone Confirms the Distinct Cytokinin and Auxin Signaling Domains
To connect the hormonal distribution to the status of hormonal signaling and homeostasis, we conducted a high-resolution gene expression profiling across the cambial zone of WT and pLMX5:AtIPT7 P. tremula 3 tremuloides trees (Figures 4 and  S4) . The data were collected in a genome-wide manner through RNA-sequencing; our focus in the profiling was on cytokinin and auxin signaling, homeostasis, and transport genes.
Considering cytokinin signaling, we profiled the components of cytokinin signal transduction pathway: receptors, histidine phosphotransfers (HPt), type B response regulators (RRs), and type A RRs. Cytokinin signaling pathway represents a multistep two-component phosphorelay system: upon binding hormone ligand, cytoplasmic CYTOKININ RESPONSE 1 (CRE1)-like receptors initiate the phosphorelay, and phosphorylate histidine phosphotransfer (HPt) proteins. The HPts cycle between the cytosol and nucleus; in the nucleus, they transfers the phosphoryl onto type B phospho-accepting response regulators (RRs). The type B RR are transcription factors that activate transcription of cytokinin primary response genes; among them are the type A RRs, which provide a negative feedback mechanism on the phosphorelay by repressing the activity of type B RRs. For cytokinin homeostasis, we characterized expression patterns for the biosynthetic IPTs, together with the LONELY GUYS (LOGs), which convert inactive cytokinins to bioactive forms, and the catabolic CYTOKININ OXIDASES (CKXs). To profile cytokinin transporters, we analyzed the expression patterns of Populus orthologs of Arabidopsis AtENT6 [34] and AtABCG14 [35, 36] . To define the status of auxin response, expression profiles of PttIAAs, representing the putative auxin response genes, were analyzed. For auxin homeostasis we characterized expression of the biosynthetic YUCCA genes and the auxin transporting PIN influx and AUX/LAX efflux carriers. Prior to the profiling, to test cytokinin responsiveness of the selected genes, we conducted an RNA-sequencing analysis of cytokinin treated WT P. tremula 3 tremuloides stem discs (Figure S3) . As expected, almost all type A RRs were upregulated by the 1-hr cytokinin treatment, whereas most other genes were unaffected. Since expression of some IAAs is known to be directly upregulated by the B-type RRs [7, 37] , our focus was to identify the PttIAA genes that are not cytokinin induced. Expression of most IAAs was unaffected, indicating that they represent true auxin response marker genes, but two out of 33 were potentially upregulated ( Figure S3 ), and respectively omitted from further profiling.
In the profiling data, we were able to define three distinct patterns for robustly expressed genes in the WT cambial zone; identity of the tissues was verified through marker gene analyses (Figure 4 ). Pattern 1 (P1) was defined by genes that peaked in the developing phloem tissues (Figures 4 and S4A ). The pattern was specified by the marker gene PttCLE41a, an ortholog of an early phloem abundant Arabidopsis peptide, and ligand of the PXY/WOX regulatory pathway of cambial activity [38, 39] . Pattern 2 (P2) was defined by genes with expression peaking at the middle of cambial zone, in the zone of dividing cells, coinciding with the profile of the cambial PttWOX4a marker gene (Figures 4 and S4) . Pattern 3 (P3) was specified by genes with expression maxima in the developing xylem tissue. This pattern coincides with the profile of PttCOMT2, a marker gene expressed in differentiating xylem cells (Figures 4 and S4) .
Members from all analyzed cytokinin signaling and homeostasis gene families were present in the Populus cambium. Almost all cytokinin signaling pathway genes (receptors, HPts, and type B and type A RRs) were defined by the phloem peaking pattern 1 (Figures 4 and S4) , but one gene displayed middle peaking pattern 2 ( Figure S4 ). In contrast, profiles of the putative auxin primary response PttIAA genes were more diverse: most of them coincided with the auxin gradient, peaking in the middle of the cambium (pattern 2) (Figures 4 and S4 ), but several were defined by the two other patterns ( Figure S4 ). Almost all of the YUCCAs and auxin transporters followed pattern 2 ( Figure S4 ), but a few were peaking in the phloem (pattern 1) ( Figure S4 ).
Considering cytokinin homeostasis, most biosynthetic IPT genes were defined by the pattern 1 (Figures 4 and S4) , whereas both cytokinin activating LOGs and catabolic CKXs were peaking more in the middle (Figures 4 and S4) , implying that the homeostasis genes play a role in shaping of the cambial cytokinin gradient.
Increased Cytokinin Biosynthesis Enhances Cytokinin and Auxin Responses in Their Distinct Cambial Domains
To further explore the hormonal status of the pLMX5:AtIPT7 trees, we compared their cytokinin and auxin response profiles to the WT. As expected, the AtIPT7 transgene had a robust expression level in the transgenic trees (Figure 4) .
To define the status of cytokinin signaling, we analyzed the expression profiles of the type A RRs: three out of four were upregulated in the transgenic trees (Figures 4 and S4) . Their profiles were similar to the WT with the phloem abundant expression peaks (pattern 1) confirming that cytokinin response was enhanced in its endogenous domain. Additionally, expression of PttAINT was elevated in the cambium of the transgenic trees (Figure 4 ). This gene is known to be upregulated by a prolonged cytokinin treatment and to act as a positive regulator of cambial activity [40] , indicating that it may be involved in the stimulation of cell division rate in the pLMX5:AtIPT7 trees.
To define the status of auxin response, expression profiles of the non-cytokinin induced PttIAAs were analyzed. Among those whose expression was coinciding with the auxin gradient (pattern 2), we were able to identify one gene, PttIAA7.1, which was upregulated in both transgenic tree lines (Figure 4) .
Considering cytokinin homeostasis, we observed that the expression level of several IPTs and LOGs was downregulated in the transgenic trees (Figures 4 and S4) , indicating that a process of feedback is active in the regulation of cytokinin biosynthesis. In addition, we studied the effect of elevated cytokinin on the expression of auxin biosynthesis and transport genes. No systematic upregulation was observed in the expression level of cambial auxin biosynthesis or transport genes; therefore, the Gene expression patterns were analyzed in twelve 35-mm cryofractions collected across the cambial zone (from developing phloem to the developing xylem). Scale bar, 100 mm. Gene expression level is given as normalized RNA-sequencing reads per million reads per kb (rpkm). Three distinct gene expression patterns were identified: developing phloem peaking pattern 1 (specified by phloem marker gene PttCLE41a), middle cambium peaking pattern 2 (cambium marker gene PttWOX4a), and developing xylem peaking pattern 3 (xylem marker gene PttCOMT2). AtIPT7 was expressed in the cambial zone of the transgenic trees. Cytokinin signaling pathway genes (type B and type A RRs) were defined by the phloem peaking pattern 1, whereas the auxin response gene PttIAA7.1 was peaking in the middle of the cambium (pattern 2); a similar pattern was observed for the cambial regulator PttAINT. Cytokinin biosynthetic PttIPT5a gene was defined by the pattern 1, whereas the catabolic PttCKX5a was peaking more in the middle (pattern 2). p values from Student's t test are given in the inserted tables and in Table  S1 (*p % 0.05, **p % 0.01, ***p % 0.001). See also Figures S3 and S4. manner by which elevated cytokinin increases the amplitude of auxin gradient in the cambial zone remains to be addressed by future studies.
Conclusions
We report here that the two major plant hormones, cytokinin and auxin, have distinct, yet partially overlapping, distribution profiles across the vascular cambium meristem. In contrast to auxin, which peaks in the actively dividing cambial cells (as has been reported before [13] [14] [15] ), we show for the first time that the cytokinins peak in the developing phloem tissue. Additionally, we confirm the previous report [18] that a third hormone, bioactive gibberellin, has its maximum in the developing xylem cells. Potentially, the cambial hormone gradients determine different developmental responses from the respective tissue zones.
To connect the hormone distributions to the status of hormonal signaling and homeostasis, we performed a genomewide gene expression profiling at a high resolution across the cambial zone. The identified cytokinin and auxin response domains coincided well with the hormonal gradients. Almost all cytokinin signaling and biosynthesis genes peaked in the developing phloem cells with the maximum cytokinin content. In contrast, most of the auxin response genes had maximal expression in the middle of the cambial zone, coinciding with the peak auxin content. The high expression of cytokinin catabolic genes at the same domain may help to define the shape of cambial cytokinin distribution.
We confirmed the importance of cytokinin signaling for cambial activity by showing that secondary development in a tree stem can be by dramatically increased through an elevated cytokinin biosynthesis. Our transgenic Populus trees displayed increased cytokinin concentration leading to an elevated level of cytokinin signaling. Furthermore, elevation of the cytokinin content led to an increase in cambial auxin concentration, highlighting the interconnected nature of these two hormonal gradients. Potentially the stimulation of cambial activity occurs through the elevation of both hormonal signaling responses. It remains to be determined by future studies what is the contribution of vertical and lateral transport, as compared to the biosynthesis, to the cambial hormone distributions.
By connecting the hormonal domains to the developmental zonation inside the vascular cambium and addressing the interconnected nature between the hormone distributions, our work complements the recent studies of cell-specific auxin and cytokinin profiles in the Arabidopsis root apical meristem [7, 12, 41] . Interestingly, observed cytokinin and auxin signaling profiles across the cambial zone differed from those identified during Arabidopsis primary root development: there auxin response status was high in the developing xylem cells, whereas cytokinin response was highest in the dividing procambial cells between the xylem and phloem tissues [8, 9] . These differences reflect the adaptability of hormonal regulation during plant development: the outcome of hormonal signaling is highly dependent by its context; same hormones play versatile role during different developmental processes.
Our observation that lignocellulosic biomass production in woody plants can be boosted through enhanced cytokinin signaling confirms that advanced understanding of the regulatory mechanisms controlling tree development has immense applied value for the forest industry: identified molecular regulators represent optimal target genes for tree breeding and biotechnological implementation.
EXPERIMENTAL PROCEDURES Hormonal Profiling in Populus Trichocarpa
Samples for hormonal analysis were collected from two 8-month-old greenhouse grown Populus trichocarpa ''Nisqually-1'' trees. A tangential cryosectioning protocol [42] was used to divide the cambial zone of the stem into six cryo-fractions representing old phloem (125 mm), active phloem (125 mm), developing phloem (100 mm), dividing cambial cells (100 mm), developing xylem (125 mm), and lignified xylem (300 mm).
Quantification of Hormones
Extraction and determination of hormones in Populus tissues were performed as described previously using an ultra-performance liquid chromatography (UPLC)-tandem mass spectrometry (AQUITY UPLC System/XEVO-TQS; Waters) with an ODS column (AQUITY UPLC BEH C 18 , 1.7 mm, 2.1 3 100 mm, Waters) [43] .
RNA Isolation and Real-Time qPCR Gene Expression Analysis
Expression of cytokinin homeostasis and signaling genes was analyzed across the cambial zone of two 8-month-old greenhouse-grown Populus trichocarpa ''Nisqually-1'' trees. Tangential cryosectioning protocol [42] was used to section the stem into eight 50-mm fractions. Total RNA was extracted from cryosections using the RNeasy plant mini kit (QIAGEN) with ''RLT'' lysis buffer and an RNase-free DNase set (QIAGEN) to remove any remaining genomic DNA. cDNA synthesis was performed using the Transcriptor First Strand cDNA Synthesis Kit (Roche) with random hexamer primers and 150 ng of total RNA. A 1:8 dilution of the cDNA was used as reaction template. All qPCRs were performed using a LightCycler 480 (Roche) with LightCycler 480 Sybrgreen I master mix (Roche) and the manufacturer's qPCR program. From each sample, four technical repeats were amplified by each primer pair. The analyzed genes and sequences for primers used in real-time qPCR are listed in the Supplemental Information.
Cytokinin Induction
Two 3-month-old Populus tremula 3 tremuloides clone T89 stems (30 cm from tip; diameter 4-5 mm) were sectioned into 50-to 100-mm-thick cross sections. Sections were incubated 1 hr in 20 nM NaPi buffer with or without 100 nM 2ip.
Transgenic Populus Tremula 3 Tremuloides Trees P. tremula 3 tremuloides clone T89 was transformed with the pLMX5:AtIPT7 construct. ARABIDOPSIS THALIANA ISOPENTENYLTRANSFERASE 7 gene (At3g23630) (990 bp) was cloned into a Gateway vector with a 1,807-bp LMX5 promoter from P. tremula 3 tremuloides [30] . Primers used for the cloning of AtIPT7: Fwd ATGAAGTTCTCAATCTCA; Rev TCATATCATATTGTGGG. Agrobacterium-mediated transformation, shoot regeneration, and in vitro culture of Populus lines were conducted as described in [44] .
Phenotypic Analyses of Transgenic Tree Lines
Growth dynamics of transgenic trees were studied under greenhouse conditions. Height and diameter of trees was measured once per week at the age of 6-11 weeks (Supplemental Information). Cytokinin response assay and maceration study of stem segments were conducted as described in [25] . Plastic embedding and sectioning of the 20 th internode was done according to [25] . The number of meristematic, dividing cambial cells was calculated from 30 cell files of WT (T89) and pLMX5:AtIPT7 trees. The meristematic cells were defined in cross-sections as flat, thin-walled cells localized in the cambial cell files between differentiating xylem and phloem cells.
Hormonal and Gene Expression Profiling in Populus tremula 3 tremuloides Four (A-D) 100-mm cryo-fractions were collected across the cambial zone for hormonal analysis from three three-month old WT (clone T89) and pLMX5: AtIPT7 line 1 and 3 trees. Gene expression profiles were analyzed in twelve 35-mm cryosections collected across the cambial zone of three WT and three pLMX5:AtIPT7 line 1 and 3 trees.
RNA Sequencing
For gene expression profiling of cryosections, an Ovation Universal RNA-Seq System kit was used for Illumina library preparations (NuGEN Technologies). Purified total RNA (10-50 ng) was used, and primers for ribosomal removal were designed and used as outlined in the kit manual. Libraries were purified with AMPure XP beads (Beckman Coulter), quantified, and run on a NextSeq 500 sequencer using 75-bp single-read kits (Illumina). For cytokinin induction, samples were sent for sequencing to SciLife Lab, Sweden. Adaptor sequences and low-quality reads were removed from the data using cutadapt [45] . The data were mapped to the P. trichocarpa genome v3.0 using STAR [46] . Count data were processed using custom scripts (Supplemental Information), GenomicFeatures [47] , GenomicAlignments [47] , and DESeq2 [48] in R. The data are publicly available through ArrayExpress (http://www. ebi.ac.uk/arrayexpress/experiments/E-MTAB-4631 and http://www.ebi.ac.uk/ arrayexpress/experiments/E-MTAB-4635).
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